Certain mutations at the glnB locus result in the failure to fully derepress glutamine synthetase [L-glutamate:ammonia ligase (ADP-forming), EC 6.3.1.2] and to convert it to the active nonadenylylated form in response to nitrogen limitation. In these mutants the P11 regulatory protein is altered such that it cannot be converted by uridylyltransferase to the form stimulating deadenylylation of glutamine synthetase by adenylyltransferase. Additional mutations as well as insertions of transposon Tn5 at the gInB site result in the loss of P11. The loss of PI, does not prevent adenylylation and deadenylylation of glutamine synthetase but reduces the rates of these reactions. Cells lacking PII have a high level of glutamine synthetase even when they are grown with an excess of ammonia and the enzyme is highly adenylylated. The results suggest that the PII protein plays a role, independent of its effect on adenylylation, in the regulation of the level of glutamine synthetase. The biosynthetic activity of glutamine synthetase [L-glutamate:ammonia ligase (ADP-forming), EC 6.3.1.2] in enteric bacteria is progressively decreased by the specific covalent attachment of adenylyl groups to each of its 12 subunits (1). This reversible modification is catalyzed by the enzyme adenylyltransferase (ATase). Adenylylation is stimulated by the small (44,000 dalton) regulatory protein PITA (2). Deadenylylation is stimulated by PIID, a uridylylated form of PIIA. The interconversion of PIIA and PIID is catalyzed by uridylyltransferase (UTase) and uridylyl-removing enzyme(s).
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Glutamine stimulates the adenylylation reaction as well as the conversion of PID to PITA; 2-ketoglutarate inhibits adenylylation but stimulates the deadenylylation reaction and the conversion of PITA to PIID. Glutamine inhibits the latter two reactions. Thus, the relative amounts of PITA and PIID and the adenylylation state of glutamine synthetase are determined in a reciprocal manner by the concentrations of these two metabolites; these in turn are determined by the availability of nitrogen in the cell. When growth is limited by the nitrogen source, the level of 2-ketoglutarate is high, the level of glutamine is low, and the adenylylation state of glutamine synthetase is low. When growth is limited by some other component, such as carbon, glutamine is high, 2-ketoglutarate is low, and the adenylylation state of glutamine synthetase is high (3) . In addition, the synthesis of glutamine synthetase is regulated by the availability of nitrogen. During nitrogen-limited growth the level of glutamine synthetase is high, whereas during carbonlimited growth the level of glutamine synthetase is low (3, 4) .
We have studied the regulation of the level and the adenyl- MATERIALS AND METHODS Bacterial Strains. All strains are phage Pl-sensitive derivatives (5) of K. aerogenes MK-1 (6). Media have been described (7) .
Genetic Techniques. Generalized transduction was carried out as described by Goldberg et al. (5) with phage P1clrLO0CM (obtained from B. Tyler). Lysates of donor strains were prepared by adsorption of phage at 250C for 20 min at a multiplicity of infection of at least one, followed by a single cycle of phage growth at 390C (about 90 min).
Reversion of glnB3 by insertion of Tn5, a transposon conferring resistance to kanamycin (KmR) (8) , was carried out by transferring an F' temperature-sensitive lac carrying both Tn5 and TnlO, a transposon conferring resistance to tetracycline, from Escherichia coli strain DB 4291 (obtained from D. Botstein) to K. aerogenes strain CG48 (metB4 glnBS). Details of this procedure will be described elsewhere. Merodiploid glutamine-requiring (Gln-) cells were grown overnight nonselectively, washed, spread onto plates lacking glutamine but containing kanamycin, and incubated at 420C. All Gln+ KmR revertants were found to have lost resistance to tetracycline, confirming that the episome had segregated.
Assay of Glutamine Synthetase. The level and adenylylation state (in) of glutamine synthetase were determined by the -y-glutamyl transferase assay (7). Cultures to be assayed for glutamine synthetase were mixed rapidly with 0.1 vol of a solution of hexadecyltrimethylammonium bromide (2.5 mg per ml). After ._" ,5
Elution volume, ml sample to be assayed for ATase was mixed with PII from the column. Adenylylation and deadenylylation assays were modified from the previously described procedure (9) . Activity is expressed as the percent change in adenylylation state of the added glutamine synthetase from the initial value to the theoretical maximum, corrected for a buffer control. UTase-Dependent Deadenylylation. We have previously shown that UTase migrates in Sephadex G-200 as heterodisperse species with molecular weights higher than the molecular weight of ATase (9) . In the present experiments a column fraction having an elution volume of 380 ml was chosen as the source of UTase, because this fraction was essentially free of ATase (see Fig. 1A ). ATase 
RESULTS
A rare class of Gln-mutants of K. aerogenes has a mutation at glnB, a site located between nadB and guaB (11) . We have previously shown that such mutants contain UTase, ATase, and PIIA but lack PIID (9) . We (7, (11) (12) (13) (14) (see strain CG671, Table 4 (11) (Table 2 ). We found similar linkage for both the insertion and glnB3 to the genes on either side. When the strain carrying both the insertion and glnB3 was used as donor and the nadB1 mutant as the recipient, 176 nicotinate-independent transductants were KmR and GlnC, and only 3 were KmS and Gln-; with the guaB1 mutant as recipient, 127 guanine-independent transductants were KmR and GlnC, and none were Gln-. These results indicate close linkage of the insertion and glnB3 and suggest the order nadB-glnB3-gln-223::Tn5-guaB. In every case (see crosses 2 and 4) KmR was associated with the GlnC character, proving that this phenotype and the suppression of the Glnphenotype of the glnB3 mutation are due to the Tn5 insertion.
A mutation linked to glnB3 giving a GlnC phenotype has been described (7) . We reported that the mutant contained an altered ATase incapable of adenylylating glutamine synthetase (9) . Recently Bancroft et al. (15) Table 3 . Because of the discrepancy with our previous report (9), we examined an extract of the strain previously studied, and found that, in contradiction to that report, the strain contained normal ATase and lacked PII (see strain MK9195, Table 4 ). The glnB3 mutation, which alters PnU so that it cannot be converted to PIID, results in a high level of adenylylation and a low level of glutamine synthetase even in nitrogen-limited cells (strain CG671, Table 4 ), in agreement with previous work (7, (12) (13) (14) . In sharp contrast to the mutant with altered PI,, the strains lacking this component fail to exhibit repression of glutamine synthetase when grown with nitrogen in excess (CG563, CG564, and CG678, Table 4 ).
Rather unexpectedly, we did not see any effect of the loss of PII on the adenylylation state in cells growing under our two conditions (strains CG563, CG564, and CG678, Table 4 ). We therefore explored whether the loss of PII affects the rates of adenylylation and deadenylylation in cells transferred from one condition to the other, and back again. The experiment presented in Fig. 2 shows that the loss of PL drastically lowers the rate of deadenylylation, and somewhat impairs the rate of adenylylation. It has been shown that the product of the glnF gene is required for the synthesis of glutamine synthetase (14, 17, 18) . One model suggests that this product converts the product of another gene, ginG, from a repressor to an activator of glutamine synthetase formation (14, 18, 19) . The fact that glnF mutants lacking PII due to a mutation in glnB fail to produce glutamine synthetase indicates that the product of the ginG gene, even in the absence of PIIA, is fully capable of repressing glutamine synthetase (14) . Furthermore, in a strain carrying an operator mutation rendering glutamine synthetase insensitive to repression by the ginG product, activation of glutamine synthetase production is prevented by PIIA (20) . The role of PIIA may be inhibition of the conversion of the ginG product from repressor to activator.
DISCUSSION
According to the view that the presence of nonuridylylated PIIA is responsible for the repression of glutamine synthetase, mutants lacking UTase should resemble the glnB3 mutant in its inability to raise the level of glutamine synthetase. This phenotype in fact characterizes a mutant of E. coli unable to produce uridylyltransferase as a result of an insertion in the ginD gene (10) . However, in corresponding mutants of K. aerogenes (21) and of S. typhimurium (15) derepression of glutamine synthetase is observed. The PIg product of the glnB3 gene of K. aerogenes may have lost not only the ability to be converted to PIID but also the ability to bind a small metabolite that can inactivate it. There is suggestive evidence that PII can bind 2-ketoglutarate: the inhibition of the adenylylation of glutamine synthetase by 2-ketoglutarate is absolutely dependent on the presence of PI, (16) . It is therefore possible that 2-ketoglutarate, which accumulates in cells starved for nitrogen, converts PIIA to a form unable to antagonize the synthesis of glutamine synthetase.
The results presented in this paper lead us to the conclusion that, rather than adenylylated glutamine synthetase (9), a component of the adenylylation system plays an essential role in the regulation of glutamine synthetase formation. PII appears to relay the information on availability of nitrogen not only to the adenylylation system controlling the activity of glutamine synthetase but also to the transcription system responsible for the formation of this enzyme.
